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Abstract  
Mid-scale ISB experiments were conducted in a large water-basin (20 m2 x 1 m) in order to 
assess the applicability of chemical herding of weathered crude oil spills on water in association 
with in-situ burning (ISB). A silicone-based chemical herding agent, OP-40, was used to 
confine, or herd, three different crude oils (Siri, Grane and Oseberg blend) at various 
weathering degrees. The herding agent was capable of obtaining the minimum required oil 
slick thickness for ignition and subsequent flame spread in most of the experiments, but not for 
the strongly weathered oils. Also, the herding agent was capable of re-thickening the oil slick 
after flame extinction. The burning efficiency results indicate that the method can be viable for 
ISB with herders at a larger scale, and suggest that the burning efficiency scales with the 
amount of crude oil. Sinking behaviour of residues was also observed and quantified, as such 











Spillage of crude oil in Arctic and Antarctic waters has become a crucial issue for fragile local 
environments. There is an increasing concern from governments and private companies over 
the occurrence and impact of oil spills in the sea and its efficient removal. Due to global 
warming, over the last decade, there has been a reduction of ice-presence in the Arctic and a 
reduction of average sailing times through the various shipping routes. As a consequence, the 
Arctic shipping routes are experiencing increasing pressure on cargo transportation (Aksenov 
et al., 2017). In addition, there is also an increasing pressure of cruise ship activity in the 
Antarctic waters and an increase of oil spills from vessels has been reported (Filler et al., 2015). 
Further to this, Norway has recently announced the exploitation of their oil reserves under the 
Barents Sea where several wells are going to be drilled. Other countries with territorial waters 
in the Arctic sea are expected to commence with similar activities. The occurrence of oil spills 
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due to the breakup of pipelines or wells and vessels are apparent. A well-known example of 
how devastating such an event can be is the Deepwater Horizon oil spill in the Gulf of Mexico 
(The Federal Interagency Solutions Group, 2010). Oil spills in cold regions waters have also 
been reported (Filler et al., 2015).  
There are various cleaning methods to remove the oil spill from open waters, such as 
mechanical extraction, chemical dispersion, in-situ burning among others (Fingas, 2011a; 
Nuka, Research & Planning Group, 2010). In-situ burning (ISB) is an on-site burning of an oil 
spill that allows the conversion of the oil hydrocarbon components into combustion products 
such as carbon monoxide, soot, and other gases that are released to the atmosphere (Buist et 
al., 2013). This technique has been proven to be effective for large oil spills (Bech et al., 1992; 
Shi et al., 2016). In the Arctic context, ISB was identified as the most effective solution  (due 
to remoteness and ice-infested waters) (Bullock et al., 2019; Fritt-Rasmussen et al., 2012; Shi 
et al., 2016; Van Gelderen et al., 2015). In fact, various studies have reported that more than 
90% of an oil spill can be removed using in-situ burning (Aggarwal et al., 2017; Buist et al., 
2011, 2013; Buist and Twardus, 1985; Fingas et al., 1995; Van Gelderen et al., 2015).  
Once the oil is spilled over the sea, it expands and decreases in thickness owing to the sea and 
climatological conditions. To successfully achieve in-situ burning, i.e., to achieve ignition and 
subsequent burning of the crude oil, a minimum oil slick thickness is necessary (Nordvik et al., 
2003). Confinement, either mechanical or chemical, is needed to maintain a minimum oil slick 
thickness throughout the burning process. Mechanical confinement requires fire-resistant 
booms (barriers) deployed and managed by vessels. This technique can prove challenging in 
the Arctic and Antarctic waters due to remoteness and the presence of drifting-ice. It is worth 
noting that physical confinement can also occur naturally, e.g., in ice cavities, due to the wind, 
between ice blocks (Aggarwal et al., 2017; Dickins et al., 2008; Energetex Engineering, 1981; 
Fritt-Rasmussen and Brandvik, 2011). 
Chemical confinement presents advantages over the mechanical option. The chemical agents 
used for chemical confinement are commonly known as “herders”. These chemical herders 
push the oil due to the difference in surface tension between the oil and the monolayer created 
by herder surrounding the oil (Buist et al., 2008a, 2011, 2013). Using chemical herding agents 
has shown promising results in achieving large oil removal rates or burning efficiencies (BE) 
for the in-situ burning method in the Arctic and Antarctic conditions alike (Buist et al., 2011; 
Buist and Potter, 2010; Dickins et al., 2008). Currently, two herding agents are listed in the 
U.S. Environmental Protection Agency NCP Product Schedule (Nedwed et al., 2012). These 
herding agents are the hydrocarbon-based formulation ThickSlick 6535 (TS6535), and the 
silicone-based herder, OP-40 (Lane et al., 2012). Recent studies have shown that OP-40 has 
better herding capabilities than TS6535 for fresh-crude oils (Aggarwal et al., 2017; Buist et al., 
2009; Bullock et al., 2017; Potter et al., 2016; van Gelderen et al., 2016).  
When spilled on open waters, the crude oil immediately undergoes a weathering process that 
depends on many variables (Brandvik and Faksness, 2009; Fritt-Rasmussen et al., 2012; Garo 
et al., 2004). Two of the most relevant weathering processes are evaporation (the crude oil’s 
lighter components evaporate) and emulsification (the oil mixes with water due to wave action) 
(Brandvik and Faksness, 2009; Buist et al., 2013). The degree of evaporation and the content 
of specific components in the crude oil, asphaltenes and resins, support the formation and 
stability of water-in-oil emulsion (Fingas and Fieldhouse, 2015). The stability degree of 
emulsification determines the ignitability of an emulsified crude oil (Buist et al., 2013). That 
is, for more stable emulsions (due to the higher content of water), it will be nearly impossible 
to ignite and develop flame spread. Thus, the weathering will influence the overall burning 
behaviour of the spilled oil during ISB (Fritt-Rasmussen et al., 2012; Fritt-Rasmussen and 
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Brandvik, 2011; Guénette et al., 1995). Consequently, in a remote location (such as in the 
Arctic), the ISB responders are quite likely to encounter a weathered crude oil. Previous ISB 
studies with herders have mainly focused on fresh crude oils (Aggarwal et al., 2017; Buist et 
al., 2007, 2008a, 2010, 2011, 2017; Bullock et al., 2017; Rojas Alva et al., 2018; Singsaas et 
al., 2017; van Gelderen et al., 2016). However, little is known about its ability to thicken 
weathered or emulsified crude oils for in-situ burning.  
 
 The burning efficiency has been found to show discrepancies as a function of the oil slick size, 
especially in small-scale laboratory experiments (Buist, 2006; Buist et al., 2008a, 2011). One 
reason for this is that boilover (sudden splash of waterbed under the fuel due to nucleation of 
water) has been reported to disrupt the burning during ISB in small-scale experiments 
(Brogaard et al., 2014; Evans et al., 2001; Rojas Alva et al., 2018; Van Gelderen et al., 2015). 
In large-scale and more realistic operational scenarios (in open waters), boilover has not been 
observed according to literature. Consequently, it is difficult to extrapolate the burning 
behaviour from small-scale (environment/experiments) testing to more-realistic scenarios. 
 
Based on the findings and knowledge gaps presented above, two objectives were set for the 
current study. The first objective was to study the thickening effectiveness of the silicone 
herding agent on various weathered crude oils before and during burning. The second objective 
was to study the burning behaviour of the chemically herded crude oils during and after ISB. 
For the latter, two ISB specific parameters were estimated, namely the burning efficiency (BE) 
and the regression rate. In addition, the sinking behaviour of the post-burn residues was 
observed.  
2. Methodology 
For this study, various amounts (1.6 to 25 l.) of three artificially weathered crude oils (Siri, 
Grane and Oseberg Blend) were selected and the silicone-based herding agent (OP-40) was 
used.  The mid-scale experiments were conducted in a large water basin (20 m2) in the outdoors, 




Figure 1 - The mid-scale experimental set-up. The left schematic shows a top view and the 
right schematic a side-view. Dimensions are in mm. 
Three crude oils were chosen for this study; these were Grane, Oseberg blend and Siri. Grane 
(Norway) is an asphaltenic crude oil, rich in resins and asphaltenes. The density of Grane crude 
oil is high, and the evaporative loss is low (Brandvik et al., 2010; Fritt-Rasmussen, 2010). 
Oseberg is a blend of crude oil from the Oseberg, Brage and Veslefrikk fields (Norway). 
Oseberg blend is a light, intermediate low-sulphur North Sea crude oil similar in quality to 
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Brent (ExxonMobil, 2018). Siri (Danish) is paraffinic crude oil with a high content of waxy 
components and medium evaporative losses. Grane and Siri oils are representative of two of 
the four groups of crude oils categorized by SINTEF. However, the Oseberg blend cannot be 
tentatively categorized because relevant data has not been found in the literature. The physical 
properties of the crude oils are listed in Table 1. 
Table 1 – Physical properties of the fresh crude oils and the herding agent. All of the properties 





 [wt %] 
Paraffin 
content 
 [wt %] 
Naphthene 













Grane  0.9 24.6 37.3 0.89 1.3 23.1  20-21 
Siri 0.35   0.84 9  10 
Oseberg blend 0.2 36.5 40.1 0.83 -15 4.1 -24 
OP40    0.99 23.4 10-40 >100* 
The herding agent used in the experiment (OP-40) is silicone-based with high thermal stability 
and behaves like a liquid at room temperature, and it is a standard silicone copolymer, which 
is considered a non-ionic amphiphilic copolymer (Kunieda et al., 2001). OP-40 can be found 
in common applications (cleaning products, hair condition, etc.). Table 1 lists the physical 
properties of OP-40 and further information can be found in (Rojas-Alva et al., 2019a).  
The experimental matrix for the study presented herein is displayed in Table 2.  The Grane 
crude oil was only tested in fresh conditions for two amounts, 1.6 and 20 litres, as it served as 
a benchmark for comparison with previously reported results (Buist et al., 2017; Rojas-Alva et 
al., 2019a). The Siri crude oil was only subjected to evaporation at a degree of 15%, and various 
amounts were employed in the experiments (from 2 to 25 litres). The Oseberg blend was 
evaporated at two degrees (25 and 40%) and evaporated at 40% combined with an 
emulsification degree of 40% water content, see Figure 2.  For the evaporated Oseberg blend, 
intermediate amounts were used in the experiments (7 to 14 litres). Lastly, a strongly weathered 
Oseberg blend, evaporated at >40% and emulsified at 50% (water content), was tested at large 
quantities (25 litres). This Oseberg blend was weathered at SINTEF SeaLab in Trondheim.  
Table 2 – Experimental matrix indicating the test conditions as a function of the evaporation 
degree and water content (*weathered Oseberg blend provided by SINTEF). 
Oil type Evaporation degree [%] Water content [%] 
Grane 0 0 
Siri 15 0 
Oseberg blend 25 and 40 0 and 40 
Oseberg blend*  >40 50 
 
For this study, the crude oils were artificially evaporated and emulsified to various degrees 
with the aim of reproducing the scenarios when an oil spill occurs. The evaporation of the crude 
oils was done by injecting air bubbles from a pressurized vessel to the bottom of a container 
with the crude oil. The artificial evaporation method used for this experimental study has been 
used in previous investigations (Buist et al., 2008b; Buist and Glover, 1995; Opstad and 
Guénette, 2000; S.L. Ross Environmental Research Ltd., 2007). The method was carried out 
until the desirable evaporation degree was obtained. The crude oil was mixed with artificial 
sea-water (32 ‰ salinity) to emulsify the crude oil (evaporated). A tank containing both the 
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crude oil and the sea-water was placed on a shaking table for 24 hours at 190 rpm. The density 
and viscosity of all fresh and evaporated crude oils are listed in Table 3. 
Table 3 – Physical properties of the weathered crude oils. The densities and viscosities were 






Density at  
25 °C [g/cm3] 
Viscosity at 25 
°C [mPas] 
Siri 15 0 0.88 20 
Oseberg blend 
25 0 0.86 11 
40 0 0.87 19 
40 40 0.95 99 
Oseberg blend 
(SINTEF)  
>40 50 0.97 622 
*The viscometer follows various standards for measuring kinematic viscosities (ASTM D7042, 
EN16896, and DIN 51659-2) and the density (EN ISO 12185, ASTM D4052, and IP 365). 
For each experiment, the weathered crude oil was poured onto the water basin and left to spread 
for 30 minutes. Thereafter, 150 µl of the herding agent OP-40 was applied per m2 of surface 
water, as this is the recommended operational dose (Buist et al., 2017, 2011, 2009; van 
Gelderen et al., 2016). It was applied from the edge of the basin to thicken the oil slick centrally.  
During the herding process, a camera placed above the water basin was used to estimate the oil 
slick area (and hence thickness) and flame areas, see Figure 1. In some of the experiments, the 
water was pre-treated with the herding agent (before the oil was poured) to minimize the 
influence of wind and to optimise the number of experiments.  
After the herding procedure was completed, an igniter promoter made of gelled gasoline-diesel 
mixture was added before ignition with a torch. For most of the cases, a small amount of the 
igniter promoter was used. If the first amount of igniter promoter did not succeed to ignite the 
oil slick, an increased amount of igniter was used in a second attempt, and so on for a third 
attempt.  
Before conducting an experiment, the air velocity was measured by an anemometer, which 
measured wind speeds of less than 5 m/s (see Table 4 in Section 3.2), which is below the critical 
operational wind velocity (Buist et al., 2013; Fingas, 2011b; Potter and Buist, 2008).  
2.1. Estimation of parameters 
The herding effectiveness was analysed through the herder capability to thicken the oil slick to 
a sufficient thickness to attain ignition during the time prior to ignition (<35 min). Therefore, 
the measurement of the oil slick thickness during the herding procedure was required. By 
knowing the initial oil/emulsion weight and the density, the oil slick thickness could readily be 
estimated using the oil slick area from the recorded images.  
During combustion, the properties of the oil and the oil mass will change over time (van 
Gelderen et al., 2017), and therefore it is impossible to estimate an oil slick thickness. Hence, 
the herding effectiveness after during burning was analysed through the estimation of the oil 
slick area along with the area of the oil slick covered by flames.  
The burning behaviour of the fresh and weathered crude oils of various sizes was evaluated 
through two burning-related parameters, the burning efficiency (BE) and the regression rate 
(?̇?′′). The first indicates the mass of crude oil burnt during the ISB experiment. Large BE is 
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indicative of a significant ratio removal success of spilled crude oil. The burning efficiency can 




100 Equation 1 
Where 𝑚0 and 𝑚𝑓 are the initial mass [kg] and the final mass of the crude oil, respectively. For 
the case of emulsified crude oil, only the corresponding oil mass in the emulsion was 
considered to estimate the BE. For each burning experiment, the post-burnt oil residue was 
collected in oil-sorbent and hydrophobic pads that were dried out in an industrial oven for 24 
hours to remove the excess of water. Thus, the final mass of oil (𝑚𝑓) was estimated for all 
experiments.   
The second parameter, the burning rate (?̇?′′), expresses the burning per unit time or thickness 
deployment in time and it is a useful parameter for in-situ operations. There are various 
manners to estimate the mass burning rate or regression rate. For this study, the method based 
on the maximum area coverage was used by applying the following equation (Buist et al., 
2011): 
?̇?′′ [𝑚𝑚 𝑚𝑖𝑛]⁄ =
𝐵𝐸 ∗ 𝑉𝑜
𝑆𝑜𝑖𝑙𝐴𝑓,𝑚𝑎𝑥(𝑡𝑒𝑥𝑐,50% − 𝑡𝑖𝑔,50%)
 Equation 2 
Where 𝑉𝑜 is the initial oil volume [l], 𝑆𝑜𝑖𝑙 is the oil slick area [m²], 𝐴𝑓,𝑚𝑎𝑥 is the maximum 
percentage coverage of the flame over the oil slick, 𝑡𝑒𝑥𝑐,50% is the time when the flame area 
has decreased to 50% of the slick area [min], and 𝑡𝑖𝑔,50% is the time when 50% of the slick area 
is covered by flames [min]. Most of the area and times were obtained from the video recording 
during the burning experiments.  
3. Results and discussion 
3.1. Herding effectiveness 
3.1.1. Herding effectiveness before ignition   
The herding efficiency of OP-40 as a function of time for the different crude oils at various 
weathering conditions is depicted in Figure 2.  The first measurement of the oil slick thickness 
was taken as the application of the herding agent, and the span of the herding experiments 
varied from test to test (from 16 to 37 min). During each experiment, the herding agent was 
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Figure 2 – Oil slick thickness as a function of time for Grane, Siri and Oseberg crude oil under 
various weathered conditions. 
The results corresponding to three experiments with fresh Grane can be seen in Figure 2A. The 
oil amount was 1.6 litres in one experiment, and 20 litres in the other two. In all the three cases, 
the herding agent thickened the fresh Grane crude oil slick relatively fast (i.e. within the first 
five to eight minutes), so that a stable 8 mm slick thickness was reached. No decay in thickness 
was observed for the duration of the test. Similar thicknesses or slightly lower thicknesses were 
reported by Buist et al., who used shallow pans of various sizes (Buist et al., 2017). In their 
work, they also reported a decay in oil slick thickness for fresh Grane with OP-40. This 
difference in behaviour might be attributed to the experimental conditions (e.g. indoor lab, 
extraction, and re-radiation) and the length of the test (60 minutes and longer). The results from 
Grane are qualitatively similar small-scale experiments reported by Rojas-Alva et al. (Rojas-
Alva et al., 2019a). However, the current Grane results are 2 mm greater than those reported 
by Rojas-Alva et al. (Rojas-Alva et al., 2019a), who suggested that the difference was a result 
of differences in the initial oil slick thickness before herding. In their work, their experiments 
had an initial oil slickness (after reaching equilibrium) less than 0.5 mm, whereas the initial oil 
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The results from the two experiments (2 and 4 litres) with Siri crude oil at an evaporated rate 
of 15% can also be seen in Figure 2A. In the experiment with 2 litres of oil, the herding agent 
was applied before the crude oil was poured onto the water basin to minimize the influence of 
the wind. As a result, the initial thickness of the evaporated Siri for this test was around 8 mm. 
After a slight decrease in thickness, the oil slick remained constant for the duration of the 
experiment, which was shorter due to the wind condition. In the experiment with 4 litres of oil, 
the herding agent was applied following the standard experimental protocol. As seen in Figure 
2A, the oil slick increased in thickness over the first minutes and seemed to remain constant. 
This difference in oil slick thickness has also been observed by Buist et al. (Buist et al., 2017), 
and it is hypothesized that when the herder is pre-applied, a thicker oil slick thickness is 
achieved as more oil gets in contact with the herding agent.  
Figure 2B depicts the thickening results from 25% and 40% evaporated Oseberg blend. The 
experiment with the 25% evaporated Oseberg and with the 10 l of 40% evaporated Oseberg 
show a slightly different behaviour as compared to the experiments with Grane. Oseberg blend 
has distinct physical and chemical properties, which are further changed due to the weathering 
process, see Table 3 and Table 4 (Section 2). The wind can also influence the thickening 
process as observed by the data from the 10 l of 40% evaporated Oseberg blend. The water was 
pre-treated with OP-40 in the experiment with 10 l. of 40% evaporated Oseberg, and it was 
reflected in the thickening behaviour as seen in Figure 2B. This behaviour are comparable with 
the previous Siri results.  
The results of various tests with Oseberg blend at 40% evaporation degree and 40% of water 
content are depicted in Figure 2C. In two tests, the water was pre-treated with the herding agent 
due to multiple testing. In both experiments (7.5 and 14 l), the initial oil slick thickness was 
similar (around 8 mm). In the experiment with 7.5 l, the oil slick suffered a decay over the 
duration of the test decreasing almost two millimetres in thickness. On the contrary, in the 
experiment with 14 litres, the oil slick remained steady and even increased slightly. According 
to the recording, in the second case, the wind seems to have pushed the oil slick against the 
water basin walls. The normal herding application procedure was followed in the other two 
tests with the 40% evaporated and 40% emulsified Oseberg blend. The weathered oil amounts 
were 4 and 15 litres, respectively. In both cases, the initial oil slick thickness increased rapidly 
within the first 5 minutes. After this, a steady oil slick thickness is observed for both tests. 
However, for the steady period, there is a difference around 2 mm in thickness for both tests. 
A noticeable difference was recorded for the wind conditions when both tests were performed, 
which was stronger in the test with 15 litres.  
The results for the strongly emulsified Oseberg blend from SINTEF (more than 40% 
evaporation degree and 50% water content) are depicted in Figure 2D. In the first experiment 
(circular symbols), the water was pre-treated with the herder due to the wind. The wind also 
influenced the thickening results as seen in the non-steady behaviour. In the second experiment 
(square symbols), the oil was poured the standard procedure, but the winds also influenced the 
thickening result as the oil slick was driven against the basin wall. In the third experiment 
(rhomboid symbol), the oil was also poured following the standard procedure, and the wind 
did not affect the thickening as in the previous experiments. The maximum oil slick thickness 
achieved in the third experiment was the thickest as compared to the previous experiments with 
less weathered Oseberg blend. Such a discrepancy is attributed to the difference in oil 
properties between a strongly weathered (evaporated and emulsified) Oseberg blend and an 
only evaporated Oseberg, see Table 3 (Section 2).  The strongly weathered Oseberg blend has 
a higher viscosity as compared to the less weathered crude oils; thus, it has a higher resistance 
to spread, and a thicker oil slick thickness would be expected.  
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Overall, in all cases, the herding agent OP-40 was capable of thickening the oil slick of the 
fresh and the weathered crude oils. The herding agent OP-40 was successful in achieving the 
minimum oil slick thickness (1 mm) for fresh and weathered crude oil (Buist et al., 2013) 
needed for a successful ignition. Despite the fact that the wind had an obvious impact on the 
evolution of the oil slick thickness, the herding agent OP-40 was still capable of performing 
well in such scenarios. The wind conditions recorded for all tests during the herding experiment 
are listed in Table 4 in Section 3.2. Additionally, the herding results for the other two tests with 
15% evaporated Siri oil are not presented. During the recording for this experiments, the 
camera failed to function in one of the tests, and in the other case the camera was not properly 
located and did not record the experiments.  
3.1.2. Herding effectiveness during burning   
The oil slick areas and the corresponding area of the oil slick covered by the flames for the 
tests with fresh Grane are depicted in Figure 3. In Figure 3A, the results correspond to the 
experiment with 1.6 litres of fresh crude Grane. During the herding test, the wind affected the 
oil slick as this was driven towards the water basin wall where it also remained during the 
burning experiments. As seen in Figure 3A, after ignition, the initial area of flames remained 
constant for over 200 seconds. Thereafter, the flames covering the oil slick increased very 
quickly. At the same time, the oil slick increased in area following the development of the 
flame from the ignition. After the flames reached a maximum in area coverage over the oil 
slick, the flames started receding to almost extinguishment. However, the oil slick reduced 
again in area (and thickness), and the residual flames were capable of re-igniting the remaining 
oil slick. This process of re-ignition occurred in 5 cycles of 1 minute approximately for the test 
with 1.6 l of fresh crude Grane. After the last cycle, the flames finally extinguished and the oil 
residue thickened which might indicate the active nature of the monolayer created by the 
herding agent. 
The results for the first test with a larger amount of Grane crude oil, 20 l, are depicted in Figure 
3B. At the end of the herding experiment and prior to ignition, the oil slick remained centrally 
located in the water basin. During ignition, the flames (due to the igniter promoter and the 
gasification of the crude oil) increased in area at a very slow pace for over 100 seconds. 
Thereafter, the flames travelled in all directions covering the oil slick at a much faster pace. 
The oil slick also increased in area and showed similar behaviour to the flames. The initial oil 
slick area increased from 3.95 m2 to a maximum area of 9.6 m2 during 143 seconds. Before 
reaching the maximum slick area, the oil slick drifted towards the water basin walls and was 
partly confined. At the maximum oil slick area, the flames started to recede until extinction 
occurred. In this test, it also seems that the monolayer created by the herding agent seemed to 
be active and the residual oil slick was re-thickened again after the flame started receding.  
 
Symbol Area Volume [l.] 
Igniter volume 
[ml] 
Evap. Rate [%] Water content [%] 
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Figure 3 – Evolution of the oil slick surface area (black dots) during combustion (shaded area) 
and the area covered by the flames (red dots). Results from fresh Grane crude oils. 
In Figure 4A, the results covering the 2 litres of evaporated Siri crude oils are depicted. After 
being released onto the water surface, and during herding and burning, the oil slick remained 
close to the water basin walls. After ignition, the initial oil slick area (0.31 m2) expanded during 
73 seconds reaching a maximum area, 1.45 m2. Contrarily to previous tests with fresh Grane, 
no substantial difference was observed for the development of flames during ignition since 
flames travelled at the same pace as the slick area from the start of ignition. This might be due 
to the difference in properties between Siri and Grane. A re-ignition cycle was also observed 
in this experiment, which is similar to the results with 1.6 l. of Grane. After flame extinction, 
the residual oil slick seemed to have reduced in size slightly as it can be seen in Figure 4A. 
In Figure 4B, the results over 40% evaporated Oseberg are shown. For this experiment, the oil 
slick drifted towards the water basin wall during herding. After ignition, the flames started 
travelling at a fast pace and uniformly as in the case with Siri. The initial oil slick area (2.5 m2) 
increased to a maximum area of 6.8 m2 after 90 seconds. As seen in Figure 4B, the oil slick 
was not entirely covered by the flames; the recordings show that initially only one part of the 
oil slick was involved in burning. As the burning progressed, the other oil slick areas were 
subsequently involved in the overall burning process. It is also noted in Figure 4B that after 
reaching a maximum in oil slick area, the oil slick seemed to recede slightly and increases again 
in area. Then, the flames covering the oil slick retreated and extinguished. After the burning 
period, the residual oil slick was re-thickened as in previous cases. 
 
Symbol Area Volume [l.] 
Igniter volume 
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Evap. Rate [%] Water content [%] 
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Figure 4 – Evolution of the oil slick surface area during combustion (shaded area) and the area 
covered by the flames. Results from evaporated Siri and Oseberg crude oils. 
The results over artificially weathered Oseberg blend (evaporated at 40% and emulsified at 
40%) for various tests are depicted in Figure 5. In Figure 5A, the results correspond to 4 l of 
weathered Oseberg blend. During herding, the oil slick drifted but remained centrally located 
in the water basin without touching the walls. However, after ignition, the oil slick continued 
drifting and reached the water basin walls, where it remained during the entire burning. After 


















































































































































































the first minute, from which the flames increased at a much faster rate. The oil slick experienced 
an increase at two paces, similarly as the flames travelled, an initial slow increase and a fast 
increase. The initial oil slick area, 0.8 m2, increased to a maximum value of 1.9 m2 after 200 
seconds. Thereafter, as the flames receded towards extinction, the oil slick reduced in area. The 
residual oil slick continued thickening even after combustion had finished.   
In Figure 5B, the results over the strongly weathered Oseberg blend are depicted. This crude 
oil was weathered at larger facilities at SINTEF, and therefore it underwent a higher 
evaporation rate, and its stability was much higher compared to the weathered crudes 
elaborated in the laboratory, see Table 3 (Section 2). During herding (pre-applied) the oil slick 
was initially located near the wall of the water basin. Due to the wind, the weathered oil slick 
drifted and moved towards the opposite wall of the water basin where it remained during 
ignition. After ignition, the flames covering the oil slick increased slightly for 70 seconds. 
During this period, the initial oil slick increased proportionally from 4 m2 to 4.5 m2. However, 
flames did not travel to cover larger areas of the slick as in the previous experiments. Instead, 
the flames remained where a large amount of the igniter promoter was poured. Then, the flames 
decreased towards extinguishment. The oil slick suffered an increase in area during this period 
and even after flame extinguishment. Such behaviour is in contrast to previous experiments 
where the oil slick was further re-thickened. In this test, a particular sinking behaviour of the 
oil slick affected by ignition was observed and will be further discussed in Section 3.3. 
 
Oil Symbol Area Volume [l.] 
Igniter volume 
[ml] 








Oil slick  
25 2000 >40 50 
Flames  
Figure 5 – Evolution of the oil slick surface area (black and purple dots) during combustion 
(shaded area) and the area covered by the flames (red dots) are also represented. The results 
are from a strongly weathered Oseberg blend. 
3.1.2.1. Thermal discussion  
During the full combustion process, the vaporization occurs on the own merit of the already 
established flames. The fuel is heated up due to heat fluxes from the flame (radiation, 
convection and conduction). Due to intercapillary and buoyancy forces within the crude oil 
layer and between the crude oil and water layer interface (Farahani et al., 2017), there is a 
gradient temperature within the oil slick layer in the vertical and horizontal directions. In the 
latter direction, the flow movements within the oil slick might be more substantial (Farmahini 
Farahani et al., 2015). Hence, the flame area covering the oil slick increased over time. Also, 
during burning, the properties of the crude oil are affected (van Gelderen et al., 2017), including 
the surface tensions. As a consequence, the surface tensions of the crude oil increases 






























































When the oil slick area increases and the slick thickness decreases, there is an increase of the 
heat losses through the water layer and the temperature of the crude oil is therefore reduced. 
Hence, there is no enough vaporization rate from the heated crude oil to sustain combustion 
(the flames recede) and extinction occurs. As the oil temperature decreases, the oil surface 
tension also decreases to be below than the one from the monolayer created by the herding 
agent. Such a postulate might partly explain the apparent ‘re-thickening” behaviour of the oil 
slick observed when flames started to recede and after flames extinguished.  
 
3.2. Burning behaviour  
The burning results for all the experiment conducted for this study are listed in Table 4 along 
with details of the weather conditions and experimental conditions. It seems that the weather 
conditions somewhat affected the burning efficiency results, but in most of the experiments the 
obtained burning efficiencies were higher than 50%, similar values were obtained with mid-
sizes of fresh crude oils in (Aggarwal et al., 2017; Buist et al., 2011, 2013). These results 
indicate the success of the in-situ burning experiments as relatively high burning efficiencies 
were obtained.  

































0 0 1.6 0.2-1.8 15 24 Post 8.4  20 75 - 
0 0 20 1.0 5 2 Post 8.3 2.2 50 78 3.5 
0 0 20 1.5 6 5.6 Post 7.6 1.9 50 72 2.4 
Siri 15 0 
2 0.2-1.8 15 24 Pre 7.3 0.6 3 62 1.1 
4 0.8 14 28 Post 3.8  5 66 - 
5 0.4-1 12 20 Post -  5 70 - 
25 0.8 14 28 Pre 4.9  5 81 - 
Oseberg  
blend 
25 0 10 0.2-2.5 14.8 16 Post 4.7  4 82 - 
40 
0 
7 0.2-2.5 14.8 16 Pre 5.6  4 81 - 
10 4.2 16.7 16 Post 4.4 1.8 5 70 1.2 
40 
4 0.3 15 22 Post 5.4 1.0 40 54 3.1 
7.5 1 14.9 15.6 Pre 6.0 1.3 1000 60 2.4 
14 0.3 15 22 Pre 8.2 1.5 50 83 3.0 





26 2.4-4.9 11 10 Pre 11.2  1000 12 - 
25 3 18 19 Post 9.6  1800 7 - 
25 1.5-1.9 9.5 8.7 Post 8.6  2000 0 - 
As seen in Table 4, very low burning efficiencies were obtained for the strongly weathered 
Oseberg blend. Despite the fact that the final slick thickness achieved prior to ignition for all 
tests with the strongly weathered Oseberg blend spanned from 8 to 11 mm. These thicknesses 
were higher than the minimum oil slick thickness required for a successful ignition for in-situ 
burning (Buist et al., 2013; Fritt-Rasmussen, 2010). Also, as reported by Fritt-Rasmussen et al. 
(Brandvik et al., 2010; Fritt-Rasmussen et al., 2012; Fritt-Rasmussen and Brandvik, 2011), 
strongly weathered crude oils with high content of water are no longer able to sustain ignition. 
Thus, it can be inferred that the strongly weathered Oseberg is no longer ignitable and cannot 
sustain flame spread. In the field, crude oil in a similar state would not fulfill the final aim of 
in-situ burning is to remove as much spilled oil as possible. 
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In relation with the regression rate results, the values obtained for some of the experiments 
vary from 1.1 to 3.5 mm/min, these results correspond to oil slicks ranging from 0.6 to 2.2 
metres in equivalent diameter, see Table 4. There is no clear correlation of the slick size on the 
regression rate results for the experiments with fresh crude Grane and artificially weathered 
Oseberg blend. The results show some variations when comparisons are made for similar tested 
oil amounts with physical confinement (Fritt-Rasmussen, 2010; Garo et al., 2006; Koseki et 
al., 1991). Such a discrepancy can be associated with the dynamic confinement process that 
the oil slicks underwent during burning. These results are however in the same magnitude as 
regression rates predicted by Buist et al. (Buist et al., 2013) for fresh crude oils and weathered 
crude oils, although those predictions are for ISB diameters greater than 3.5 m. Similarly, 
results from other experimental studies (Fritt-Rasmussen, 2010; Garo et al., 2006; Koseki et 
al., 1991) show the same order of magnitude compared to the regression rates obtained in this 
study.  
3.2.1. Scalability of BE results 
The burning efficiency results as a function of the initial oil or emulsion amount are depicted 
in Figure 6. For two weathered oils, the burning efficiency seems to scale as the oil amount 
increases as shown by the trend lines. Nonetheless, the same cannot be said for Grane crude oil 
and the evaporated Oseberg, where no scaling is observed. In this case, it can be presumed that 
the water basin wall affected the burning process positively. In the previous sections, it was 
shown that in the experiment with 1.6 litres of Grane, re-ignited multiple times leading to a 
high burning efficiency. In the case of the 40% evaporated Oseberg, the main difference 
between the two experiments with 7 and 10 litres is the wind. In the experiment with 10 litres, 
the wind was measured at 4.2 m/s, which can have had a negative effect on the combustion 
process as it might have reduced the gasification concentration on the fuel surface, and at the 
same time removing heat from the combustion zone (Hu, 2017).  
The scaling for the fresh crude and weathered crude oils is however clear for the evaporated 
Siri and the weathered Oseberg blend (evaporated and emulsified). There are no physical 
methods or any scaling approach with a relation to fully explain how the burning efficiency 
scales up with the increasing amount of oil. Drawing such a correlation would have practical 
meaning for the in-situ burning of crude oil as a cleaning method. Based on small-scale data 
(including thermal and time length scales and the properties of the crude oil) the final burning 










































Figure 6 – Burning efficiency as a function of the fuel amount for Siri, Grane and Oseberg 
crude oils under various weathered conditions.  
3.2.2. Comparison with other studies  
Burning efficiency results from other studies with fresh crude weathered crude oils  (Aggarwal 
et al., 2017; Buist et al., 2017; Buist and Meyer, 2012; Bullock et al., 2017; Potter et al., 2016; 
Rojas-Alva et al., 2019b; Rojas Alva et al., 2018; S.L. Ross Environmental Research Ltd., 
2012; van Gelderen et al., 2016) along with the current results are depicted in Figure 7. In all 
results, OP-40 herding agent was used to confining the crude oils chemically. As seen in Figure 
7, there is a clear scaling dependency between small amounts of crude oil and large amounts 
with a scattering of data. The comparison of the results from various studies does not take into 
account other variables inferred from the experimental conditions and procedures for each 
study, see the legend in Figure 7. The wind will affect the feedback mechanisms, fuel-air 
mixing and the boundary layer in the diffusive combustion process (Hu, 2017). Hence, it is 
expected that substantial variability will be observed.  
The physical explanation behind such a scaling observed in Figure 6 and Figure 7 lies on the 
heat feedback mechanisms (conductive, convective and radiative) and the heat balance at the 
fuel surface during burning. It is expected that the energy received at the fuel surface (to 
vaporize enough gases) differs from small-scale to large-scale and it increases as the size of 
the oil slick increases. As the size of the oil slick increases, the role of the heat feedback 
mechanisms will change, in a small pool fire conduction from the gas-phase to the condensed-
phase dominates the heat feedback. In large pool fires, the radiative feedback contributes 
largely to the heat balance at the fuel surface (Blinov and Khudyakov, 1961). 
The scaling observed in Figure 7 differs qualitatively with the regimes reported in physically 
confined experiments (Rojas-Alva et al., 2019b). Two distinctive regimes of the BE as a 
function of the oil size and with less dispensability are reported in (Rojas-Alva et al., 2019b). 
In addition, the regression rate results from experimental studies show a scaling with two 
regimes as a function of the oil size (Blinov and Khudyakov, 1961; Garo et al., 2007, 2006; 
Koseki et al., 1991; Rojas-Alva et al., 2019b), in these experimental studies the crude oil was 
confined during the burning. Chemically confined oil slick during in-situ burning face another 
complication which is related to the dynamic behaviour of the oil slick as this expands in area 
(decreases in thickness) over time. In these situations, the regression rates and burning 
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2017)  
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25 0 <2.5 0 
20 Current 20 0 0 0 40 0 <4.2 0 
27 0 0 0 40 40 <3 0 
DUC  0 0 <6 <25 1 
(van Gelderen et 
al., 2016) 
Siri  15 0 <1.8 0 20 Current 
Figure 7 – Burning efficiency (BE) as a function of the initial oil amount. Current results and 
results from other studies (Aggarwal et al., 2017; Buist et al., 2017; Buist and Meyer, 2012; 
Bullock et al., 2017; Potter et al., 2016; Rojas-Alva et al., 2019b; Rojas Alva et al., 2018; S.L. 
Ross Environmental Research Ltd., 2012; van Gelderen et al., 2016) are presented, and the OP-
40 herder was used for all the experiments.  
 
3.3. The behaviour of post-burn residues 
The sinking behaviour of post-burn residues has not been quantified concerning the overall 
amount of burnt oil in previous studies in mid to large-scale experiments, with the exception 
of  Deepwater Horizon (Stout and Payne, 2016). However, there are a few studies based on 
small-scale experimental work where the properties of the in-situ burn residues were 
investigated (Buist et al., 1997, 2013; Fritt-Rasmussen et al., 2013). In mid-scale and large-
scale experiments, quantification of virtually all the sinking post-burn residues can be 
challenging as it would require underwater imaging and large trapping mechanisms to be 
installed underneath the fuel/water interface or on the seabed. In open waters, such a task is 
extremely difficult and often not efficient (Michel and Hansen, 2017; Scholz et al., 2004). In 
this study, in some of the experiments, especially those with strongly weathered crude oils, the 
partial or full sinking of the post-burn residues was observed.  
In two tests, the sunken post-burn residues were retrieved by using fine-meshed pond skimmer. 
The sunken residue was then collected with sorbent pads to be dried out along with other post 
burn residue. The subsequent part that corresponds to the sunken oil residue was estimated 
concerning the initial oil amount; hereafter referred to as the sunken percentage. Table 5 lists 
the experiments where the sinking of post-burn residues was observed, only in two experiments 
was it possible to quantify the amount of sunken residues with respect to the initial amount of 
crude oil. In the rest of the experiment listed, full sinking or partial sinking of the post-burn 
residues was observed. Similar behaviour of the partial sinking was observed during the 
Deepwater horizon burn tests (Shigenaka et al., 2015). 
The post-burn residue sinks due to various variables: residue density, incorporation of sand 
grains, residue temperature, seawater temperature, and seawater density (Scholz et al., 2004). 
For the current study, it seems that the most likely explanation is that the residue density is 
higher than the water density. The density of the post-burn residue increases as its temperature 
cools down. For the two experiments (40% evaporation degree and 40% water content) where 





























































































































































































































































































































percentage, see Table 5. The experiment with 7.5 litres of weathered Oseberg resulted in a 60% 
burning efficiency and a 1.4 sunken percentage, whereas the experiment with 15 litres of the 
same weathered oil resulted in a higher burning efficiency (75%) and slightly higher sunken 
percentage (3.2). It is difficult to draw a conclusion based on a few experimental points, but it 
might be plausible that higher burning efficiency will result in a higher sunken percentage. 
Previous studies have shown that experiments with higher burning efficiencies correlate to burn 
residues with larger densities (Buist et al., 1997). 
There is no strong evidence that sunken burn residues pose an acute toxic risk to biota (Buist 
et al., 2013; Fritt-Rasmussen et al., 2015). However, there are major concerns of the sunken 
burn residue’s effect (smothering and coating) on benthic organisms and habitats on the 
seafloor  (Fritt-Rasmussen et al., 2015; Scholz et al., 2004). As pointed out by Fritt-Rasmussen 
and co-workers (Fritt-Rasmussen et al., 2015), the amount of research on the characterisation 
of the burn residues is limited. The Deepwater Horizon burns have shown that large quantities 
of the post-burn residue can sink to the seafloor (Shigenaka et al., 2015; Stout and Payne, 
2016). The impact of sunken burn residues of weathered crude oils has not been addressed in 
previous literature, to the knowledge of the authors.  
The composition of the post-burn residue was not measured as it was beyond the scope of the 
current study. As the weathered oil slick burns, it breaks leaving an emulsion layer in the 
bottom, and on top, a crude oil layer is vaporizing to sustain combustion, as hypothesized by 
Walavalkar and Kulkarni (Walavalkar and Kulkarni, 2001). According to Van Gelderen et al. 
(van Gelderen et al., 2017), the properties of the crude oil will change throughout the burning 
time, as the oil layer vaporizes the various components of the crude oil (from light to heavy). 
The light components will vaporize first leaving the heavier components behind. Thus the 
density of the crude oil increases as the burning progresses. Furthermore, the emulsion layer 
might also increase in density as it breaks into fuel and an emulsified layer, leading to an 
increase in the proportion of water in the post-burn sinking residue. However, more detail 
experiments with sinking residues are required to study this sinking behaviour.  














Oseberg blend 40 40 
4 54 * 
7.5 60 1.4 
14 83 * 
15 75 3.2 
Oseberg blend  
(NOFO) 
>40 50 
25 0 * 
25 12 * 
25 7 * 





In all experiments, the chemical herding agent (OP-40) could thicken and confine all fresh and 
weathered crude oils, and the theoretical minimum oil slick thickness (1 mm) to sustain ignition 
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and flame spread was achieved. In some of the experiments, the water was pre-treated with 
herder; hence, the herding effectiveness results should not directly be extrapolated to real cases; 
these results are illustrative and used for comparison. The thickening behaviour of the herder 
was found to depend on the oil type and weathering degree of the oil. During burning, the 
ability of the surface monolayer created by the herding agent to thicken the oil diminished, but 
after extinction occurred, the residual oil slick was re-thickened. It seems that the surface 
monolayer is still active after being exposed to radiation from the flames. Further research is 
required to elucidate the fate of the herder agent after in-situ burning experiments.  
Ignition and subsequent flame spread were successfully achieved in all experiments; the 
exception was the strongly weathered Oseberg with the highest water content. The burning 
efficiency results together with results from other studies (same herding agent) showed that the 
burning efficiency scaled with the oil slick size (in volume). However, the scaling is 
qualitatively different from ISB results with physical confinement reported in the literature.  
The sinking behaviour was observed to happen partially (residues remained below the water 
level) or fully (residues sank to the bottom of the water tank) in the experiments with weathered 
crude oils. The post-burn sinking residues were quantified concerning the initial oil amount in 
two experiments. Further studies on the quantification of the burn residue as a function of the 
weathered level of the crude requires further attention, as it might help in the full 
characterization of sunken burn residues. 
The results presented in the current study indicate that ISB of chemically weathered crude oils 
may be feasible in real scenarios. However, more work is needed to fully characterise the 
dynamic behaviour of the herded oil slick during burning. Also, the scaling dependencies and 
sinking behaviour also need further attention. Scaling relations should be developed to predict 
the burning efficiency of realistic scenarios based on small-scale testing. The current study will 
hopefully encourage future investigations to continue working on these gaps.  
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